Zr 48 Cu 36 Al 8 Ag 8 -based bulk metallic glass matrix composites (BMGCs) with in situ dispersed Ta-rich particles surrounded by microcrystalline phases were fabricated successfully by both the conventional arc melting and a new dealloying methods followed by copper mold casting. The microstructures and uniaxial compressive mechanical properties of as-cast ¤3-mm rods fabricated by the two different methods were compared. The size and dispersion of the Ta-rich particles and the mechanical properties of the as-cast BMGC rods obtained using the new dealloying method were smaller, finer and better than those of the rods obtained using the conventional arc-melting method. Both the compressive and tensile plastic strain increased from almost 0% for monolithic Zr 48 Cu 36 Al 8 Ag 8 bulk metallic glass to about 7 and 1%, respectively, for as-cast BMGC rods with 5 at% Ta formed by the in situ dealloying method. These in situ Ta-rich particles are considered as obstacles that restrict shear band propagation. An obvious work-hardening phenomenon can be observed in compression tests considerably due to work hardening of the Ta-rich particles restricted by the surrounding microcrystals.
Introduction
Since the first synthesis of the amorphous AuSi alloy in the 1960s, 1) a great number of metallic glasses have been found, such as Mg-based, 2) Fe-based, 3, 4) and Zr-based 5) alloy systems. Among all the developed bulk metallic glasses (BMGs), Zr-based BMGs are considered to be one of the most promising in terms of their utilization potentiality owing to their excellent properties such as high strength, high hardness, high elastic limit and good glass-forming ability (GFA). They also have a critical cooling rate as low as 1 K/s and large supercooled-liquid temperature region (defined as the temperature span between the glass transition temperature T g and the onset crystallization temperature T x during heating). 6, 7) However, monolithic BMGs usually present highly localized fracture below T g . Once a single shear band is initiated in monolithic BMGs, it propagates rapidly, leading to catastrophic fracture with very low plastic deformation at room temperature. The introduction of heterogeneous microstructures to develop bulk metallic glass matrix composites (BMGCs) is one effective way to improve the plasticity of BMGs. There are, at present, two main methods for the fabrication of BMGCs according to their processing history: one involves in situ precipitation of a crystalline phase in the BMG matrix. They are formed either from their melts during appropriate solidification processing or by a secondary treatment of amorphous precursors. 8) The preparation of such composites strongly depends on the choice of appropriate alloy compositions and adopted cooling rates realized during solidification. 9, 10) The secondary treatment includes partial devitrification such as by controlled annealing, 11) and high-pressure torsion. 12) The other involves ex situ introduction of foreign particles or micrometer-sized pores into the BMG matrix. The ex situ composites are formed in two ways. The first is mechanical alloying of powders containing a glassy phase and reinforcing secondphase particles. 13, 14) The other way is prepared by directly introducing crystalline second phases as reinforcements into the glass-forming melt during processing. 15) Although the ex situ composites can be synthesized for many amorphous systems, the limited size range of the dispersed particles and the weak adhesion of the interface between the particles and the matrix are two major drawbacks of this approach. On the other hand, a finer dispersion of the precipitates can be obtained by the in situ method. Only a few reinforcement metals such as Nb, Ta and Hf can form ductile crystalline phases instead of brittle intermetallic compounds in Zr-based BMGs. 16, 17) The shape and size of these dispersoids are almost uncontrollable. Recently, a new series of ZrCu-based BMGs have been developed in the ZrCuAlAg system with very good GFA, in which the representative Zr 48 Cu 36 Al 8 Ag 8 is found to show the best GFA. 18) However, this BMG also displays limited plasticity during deformation. In the present study, we successfully introduced fine Ta-rich dispersoids surrounded by microcrystalline phases into the ZrCuAlAg metallic glass matrix through the in situ dealloying method using metallic melt. The novel dealloying technique was proved to be successful for preparing porous ¡-Ti, 19) Fe, and Cr metals, 20) and ¢-Ti alloy 21) and ferritic stainless (FeCr) steel 20) which were impossible to be prepared by conventional dealloying with acid or alkaline solution. The microstructures and mechanical properties of the BMGCs were investigated in detail.
Designing Dealloying Reaction for In Situ Dispersion of Ta Filler in ZrCuAgAl Metallic Glass
The dealloying reaction in a metallic melt was firstly applied for preparing porous ¡-Ti. 19) Cu in the TiCu precursor is dissolved selectively into an inductively heated Mg melt in a carbon crucible at a constant temperature and that the remaining Ti is self-constructed into bicontinuous structures with submicron Ti granules through the surface diffusion process. 19) Although the mechanism for the reaction has not been understood completely, they considered the reason for this to be the chemical reaction between the pure Mg melt and the TiCu alloy. It is confirmed from the binary phase diagram 22) that MgCu and TiCu alloy systems are miscible to mixture solids such as solid solutions and intermetallic compounds, while the MgTi alloy system is immiscible to cause phase separation for wide compositional region even in the liquid state. Therefore, dealloying Cu from TiCu precursor possibly occurs if the process temperature is controlled to be sufficiently low to prevent dissolution of whole TiCu phase into Mg melt ( Fig. 1(a) ). Referring to this process, a dealloying reaction for dispersing the in situ Ta filler in ZrCuAgAl metallic glass is designed as follows. TaZr is miscible although this system has small phase separation to Ta-and Zr-rich solid solutions according to the phase diagram. 22) On the other hand, TaCu and TaAg are considered to be immiscible according to their estimated heat of mixing. 23) Therefore, when a TaZr pre-alloy is immersed in a CuAgAl alloy melt at an appropriate temperature, selective dissolution of Zr from the pre-alloy into the melt is expected to occur. Finally, they will form the ZrCuAgAl bulk glass former with the in situ Ta dispersoids if Zr, Cu, Ag and Al proportions are correctly balanced. TaAl is miscible so that some Al is considered to dissolve into Ta. However, this affects little due to the small solubility limit (a few at%) of Al into Ta. This process is shown schematically in Fig. 1(b) . The dealloying reaction occurs at much lower temperature region compared to the solidification in liquid during cooling process so that the in situ dealloyed dispersoids are expected to be finer for enhancing the reinforcement effect.
Experimental Methods
(Zr 0.48 Cu 0.36 Al 0.08 Ag 0.08 ) 100¹x Ta x materials (x = 0, 3, 5 and 8 at%) were selected for the Ta-dispersed BMGCs in this research. The starting materials used in the alloy preparation were high-purity metals. Two methods were used to prepare the master alloys. Hereafter we refer to them as (1) the conventional arc method (denoted ARC) and (2) the novel high-frequency induction dealloying method (denoted HFI). In both methods, ingots of Zr-rich ZrTa and CuAgAl prealloys were first fabricated through the arc-melting method. Then, for the ARC method, these two pre-alloys were melted together by arc melting under a Ti-gettered argon atmosphere. In the HFI method, the master alloys were fabricated by the high-frequency induction method in BN crucibles under a helium atmosphere with the temperature controlled to about 1000°C. This selected process temperature is just above the melting point of CuAlAg pre-alloy 24) and much lower than the lowest liquidus temperature of ZrTa pre-alloy system (1820°C at ³15 at%Ta) so that we can expect the selective dissolution of Zr from the ZrTa solid solution into the CuAlAg liquid.
The fabricated master-alloy ingots were then cast into a copper mold to produce rods 3 mm in diameter and 35 mm in length. The phases present in the as-cast samples were examined by X-ray diffraction (XRD) with a Rigaku RINT 2000 diffractometer using Cu K¡ radiation. The microstructures were examined through scanning electron microscopy (SEM, Hitachi S-4800) and transmission electron microscopy (TEM, TOPCON EM-002B) with an acceleration voltage of 200 kV, and component analysis was performed through energy-dispersive spectrometry (EDS). Uniaxial compression tests were performed at room temperature at a strain rate of 5 © 10 ¹4 s ¹1 with an Instron 4204 instrument. The test specimens were 6 mm in length and 3 mm in diameter, with the ends polished to be parallel. Dog-bone-like plate specimens with a cross section of 1 © 2.5 mm and gauge length of 8 mm were used for tensile tests at room temperature at a strain rate of 5 © 10 ¹4 s
¹1
. The fracture surfaces and shear bands on the fractured samples were observed by SEM.
Results and Discussion
4.1 Microstructure of the ZrCu-based BMGCs prepared by HFI and ARC methods Figure 2 shows XRD patterns of the as-cast ¤3-mm samples of (Zr 0.48 Cu 0.36 Al 0.08 Ag 0.08 ) 100¹x Ta x (x = 0, 3, 5 and 8 at%) fabricated by the ARC and HFI methods. A broad scattering feature of an amorphous phase is observed for x = 0, which means that the monolithic amorphous phase is formed in the absence of additional Ta. However, for the samples with x = 3, 5 and 8 formed by the ARC or HFI methods, the diffraction patterns show sharp peaks corresponding to bcc-Ta phase superimposed on the broad scattering pattern, and other weak diffraction peaks corresponding to microcrystalline phases (AlCuZr, Al 2 Cu and ZrCu) can also be observed, which are confirmed by the SEM and TEM images shown later. The presence of bcc-Ta phase with disappearance of hcp-Zr-rich ZrTa phase indicates that the dealloying Zr from the Zr-rich ZrTa pre-alloy has successfully occurred during the HFI methods as expected. Figure 3 shows SEM images of the polished cross section of the as-cast samples with x = 0, 5 and 8 formed by the ARC and HFI methods. In the Ta-free alloy (x = 0), the featureless contrast indicates that the monolithic amorphous structure is obtained for x = 0. However, in the Ta-doped alloys (x = 5 and 8), Ta particles can be observed in the BMG matrix, and it was proven by the EDS results that about 4 at% Al is dissolved in Ta (inset in Fig. 3(f ) ). Finer dispersions and smaller Ta particles (about 510 µm in diameter) can be observed for the HFI samples than for the ARC samples (about 2025 µm in diameter). In particular, for x = 8, dendrite-shaped Ta-rich particles are observed in the ARC samples, while the Ta-rich particles in the HFI samples remain almost spherical in shape. In the ARC method, the melt mixture of the two kinds of pre-alloys is heated enough to melt Ta, thus, Ta precipitates from the ZrCuAlAgTa melt in preparation process of the master alloy. The size and dispersion of the Ta-rich particles are related to the cooling history and are therefore difficult to control. However, in the HFI method, the two kinds of pre-alloys are melted by highfrequency induction at a very low temperature. The volume fraction (V f ), average size (d) and number density (N) of Tarich particles (considered as ideal spherical balls) estimated by image analysis for the ARC and HFI as-cast samples with x = 3, 5 and 8 are summarized in Table 1 . The average size of the Ta-rich particles is smaller in the HFI samples than the ARC samples. The average size of the Ta-rich particles (several micrometers) is calculated for ideal spherical balls, but according to Ref. 14) , the fabricated Ti particles can be nanosized with dealloying reactions, so the calculated results given in Table 1 are reasonable. Besides Ta-rich particles, microcrystals can also be observed around the Ta-rich particles, as shown in Fig. 3(f ) . Figure 4 shows the TEM images and a corresponding selected-area electron diffraction (SAED) pattern for the ARC samples with 5 at% Ta addition. The dark-field images in Figs. 4(c)4(i) are taken with the diffraction spots enclosed by circles denoted by the letters ci, respectively, in Fig. 4(a) . The SAED pattern and dark-field images indicate that microcrystals are present around the Ta-rich particles (main phase is AlCuZr; minor phases are Al 2 Cu and ZrCu). Therefore, the microstructure of the Ta-rich particles surrounded by microcrystals (AlCuZr, Al 2 Cu and ZrCu) can be confirmed. The reasons for the formation of the microcrystals in the as-cast samples may be as follows. Firstly, as stated before, the dissolving behavior of Al into Ta and Ta into the matrix causes the matrix composition to vary, so the glass-forming ability of the matrix is degraded. Secondly, the surface energy on Ta dispersoids degraded the nucleation barrier of these microcrystals. And thirdly, even though the cooling speed is very high during injection copper mold casting, for samples with Ta dispersoids, hot areas formed around the dispersoids leads to the partial crystallization during rapid cooling because the thermal conductivity of the supercooled liquid of Zr-based metallic glass (about 20 W/mK) is smaller than that of Ta (about 60 W/mK) in this alloy system. 25) 
Mechanical properties of the ZrCu-based BMGCs
and its difference between the HFI and ARC samples Figure 5 shows the room-temperature compressive stress strain curves of the as-cast ARC and HFI samples. The Ta-free monolithic BMG shows limited plastic deformation. The fracture strength (· f ), fracture strain (¾ f ) and Young's modulus (E) are about 1900 MPa, 2% and 100 GPa, respectively. These results are in accordance with those Table 1 Image-analysis results of as-cast BMGC rods: volume fraction (V f ), average size (d) and particle number density (N) of Ta-rich TaAl particles. ARC and HFI denote the method for master alloy preparation (ARC = arc-melting and HFI = high frequency induction for dealloying). reported by Zhang et al. 26) However, with dispersed Ta-rich particles in the BMG matrix, the yielding phenomenon and plastic deformation are observed for both the ARC and HFI samples. The best mechanical properties are obtained for the HFI samples with x = 5. The · f , ¾ f , E values, yielding strength (· y ) and plastic strain (¾ p ) are about 2200 MPa, 9%, 88 GPa, 1700 MPa and 7%, respectively. The detailed results are summarized in Table 2 . For the same amount (at%) of Ta addition, the · f , · y , ¾ f and ¾ p values of the HFI samples are found to be much higher than those of the ARC samples. Thus, the mechanical properties of the HFI samples are superior to those of the ARC samples.
The tensile stressstrain curves for samples with x = 0 and ARC and HFI samples with x = 5 are shown in Fig. 6 . The Ta-free monolithic BMG shows no plastic deformation. With 5 at% Ta addition, no obvious plasticity is observed for the ARC samples. However, yielding and plastic deformation can be obtained for the HFI samples; the yielding stress is higher than the fracture stress of the samples with x = 0 and x = 5 (ARC). This result is in accordance with the compression test results: the tensile mechanical properties are better for the HFI samples than those for the ARC samples. The tension test data are summarized in detail in Table 3 .
In the present BMGCs, Young's modulus of the BMG matrix is about 100 GPa, while that of Ta is about 200 GPa.
Therefore, during deformation, stress concentration occurs at the interfaces between the matrix and the ductile Ta-rich particles. 27) Initially, cracks will be created in these areas, and the shear bands cannot propagate freely but are always obstructed by the interfaces between the matrix and Ta-rich particles, which develops multiple shear bands leading to the macroscopic plastic deformation, as shown in Fig. 7 , under compressive and tensile tests. SEM images of the lateral surface of fractured monolithic counterparts are also shown in Fig. 7 for comparison. The dashed circles in Fig. 7(b) show direct evidence that the shear bands in the matrix are obstructed by the Ta-rich particles, so that the propagation of shear banding is deflected, branched, or multiplied. The length of propagation or the mean free path of the shear bands is affected by the Ta-rich particles, and in particular, by their interparticle spacing. A smaller size or larger volume fraction of Ta-rich particles will lead to more interfacial areas and shorter interparticle spacing, resulting in higher plasticity. 28) According to Table 1 , the particle number density is highest for the as-cast HFI samples with x = 5, this means more interfacial areas and shorter interparticle spacing, so the best mechanical properties are obtained for these samples.
From the compressive stressstrain curves shown in Fig. 5 , obvious work hardening can be observed for the ascast ARC and HFI samples. As discussed before, during compression, the presence of Ta-rich particles is considered as an obstacle for the propagation of shear bands. After yielding, the deformation of the ductile Ta-rich particles and their properties can affect the whole composite. In the present research, microcrystalline phases are formed around the Ta-rich particles in the composites, we consider that this kind of reinforcement structure can promote characteristic reinforcement effect. Firstly, according to a study by Balch and coworkers 29) on Zr-based bulk metallic glass matrix composites with both ductile Ta particles and crystalline phase, they found that more load transfers to the Ta phase because of the presence of crystallized matrix material with a stiffness lower than matrix. This would reduce the effective modulus of the matrix, resulting in an increase in stiffness mismatch with, more load transfer to, the Ta particles. In the present study, similar microstructural situation is obtained thus more load are transferred to Ta-rich particles, resulting in more deformation and obvious work hardening of the samples. Secondly, according to a study by Ko and coworkers on Al-based metal-matrix composites reinforced with SiC, 30) the work hardening rate of the composites becomes superior to monolithic ductile alloy. They considered the reason as increased dislocation density in the matrix. In the present study, the reinforcement structures including Ta-rich particles and surrounding rigid crystallized phase are similar to the composites stated before. When Ta-rich particles are plastically deformed, dislocations in them cannot be easily released in time because of the surrounding rigid microcrystals, so the dislocations are considered aggregated at the interfaces between the Ta-rich particles and microcrystals, and the work hardening is considered to be more obvious.
Conclusion
(1) In situ second-phase-reinforced ZrCu-based BMGCs have been fabricated successfully by employing a novel in situ dealloying method.
(2) The size, dispersion and volume fraction of Ta-rich particles for samples fabricated through the new dealloying method are smaller, finer and larger than those of the samples obtained using the conventional arc-melting method. (3) The plasticity of BMGCs increases dramatically with Ta-rich particle dispersion. The compressive and tensile plastic strain increase from 0% for monolithic BMG to 7 and 1%, respectively, for BMGCs with 5 at% Ta addition fabricated through the dealloying method. The mechanical properties of the samples fabricated by the dealloying method are better than those of the samples formed by the conventional arc-melting method. (4) The homogenous dispersed Ta-rich particles are considered as obstacles for the propagation of main shear bands, leading to branching or deflecting of shear bands and thus, preventing catastrophic shearing-off through the whole samples and significantly improving the plasticity. (5) Microcrystals are detected around the Ta-rich particles in the as-cast composite samples. These crystals are considered to let more load transferred to Ta-rich particles and to disturb dislocation release in the Tarich particles. This leads to a great improvement in the plasticity and work hardening of the present composites. 
